In this paper, dynamic fracture process and strain rate effect of a porous SiC ceramic were investigated. The failure process under dynamic loading conditions was monitored by a high-speed camera. Digital image correlation (DIC) method was further utilized to calculate the surface strain field. The high-speed images show that crack initiates in the center of the specimen and then propagates to the entire specimen under dynamic loading. In addition, DIC result showed that cracks occur on the surface of the specimen formed a band. And the band finally caused the collapse of the specimen. The test results showed that compressive strength of the porous SiC ceramic is rate sensitive. Under quasi-static conditions, the compressive strength is about 120 MPa, while in dynamic conditions strength increased to 247 MPa. Energy absorption during the deformation process is much larger under dynamic loading.
Introduction
The porous SiC ceramics because of its low density and exceptional shock resistance are widely used in lightweight sandwich panel, filters for hot-gasses, dust collectors and armor applications [1] [2] [3] [4] [5] . The porous SiC ceramics used in energy absorption structures may be exposed to the impact of debris. Thus, it is important to investigate the failure mechanism of porous SiC ceramics under dynamic loading conditions.
In literature, investigations have been conducted on fracture mechanisms of porous SiC ceramics. Li et al. [6] explored the influences of molding pressures, bonding phase contents, and SiC particle sizes on the flexural strength of SiC-based porous ceramics. It is found that the SiC particle size is the key factor that influences the flexural strength of the SiC-based porous ceramics. Deng et al. [7] used a grain fracture model to quantitatively analyze the crack-tip blunting mechanism in porous ceramics and revealed that the crack tip blunting increases the fracture toughness of porous ceramics. Martin [8] conducted plate-impact tests on two sintered silicon carbides with different porosity and results showed that the difference in porosity distribution results in no discernable difference in their Hugoniot Elastic Limit values and spall strengths.
The few published work is focused on the effect of strain-rate on the porous ceramics. In this paper, quasi-static and dynamic experiments on a porous SiC ceramic were performed. Stress-strain curves under quasi-static and dynamic loading were obtained and during tests, high-resolution images were captured to observe the dynamic failure process of the specimen. Digital image correlation (DIC) method was also used to calculate the full surface strain field during the failure process.
Material and Experiment
Generally, the porous SiC ceramics are manufactured by hot press method. The density of the as-received plates of size 50 × 50 × 5 mm 3 was 1.9 g/cm 3 . The porosity was 30% which is measured by using Archimedes principle. The specimens of size 5 × 6 × 3 mm 3 were cut from as received SiC plates. The loading surfaces were polished to ensure the parallelism of 5 micrometer. Macroscopic and microscopic pictures of a representative specimen are shown in Figure 1a ,b, respectively. The loading direction is also shown in Figure 1a . The size of the grain and pore are both about 10 μm on average. The quasi-static experiments were performed first on an electronic universal testing machine at the strain rate of 5 × 10 −3 s −1 , followed by the dynamic compression tests completed using a traditional split Hopkinson pressure bar (SHPB) setup. Figure 2 shows the schematic setup of the dynamic compression tests. The dynamic compression tests are performed at strain-rate of about 200 s −1 . To deform the specimens at constant strain-rate during dynamic loading, the cubic pulse shapers of copper were used in tests.
According to one-dimensional elastic stress wave theory, the strain ( S  ), stress ( S  ) and strain rate ( S &) of the tested specimen can be obtained using the following equations:
where R  and T  are the reflected and transmitted strain waves which are measured by the strain gages 2 and 4, respectively (see Real-time images of the specimens under dynamic loading were captured by a high-speed camera the framing rate of 1,000,000 frames per second with the specimen's resolution of 600 × 500 pixels. Schematic setup of SHPB with a high-speed camera system. Note: (i) Compared to conventional SHPB set-up, a copper pulse shaper is placed on the incident bar end; (ii) Strain gage 1 is used to trigger oscilloscope and the high-speed camera and the flashlights are then triggered by the oscilloscope, and strain gages 2 and 4 are used to record the reflected and transmitted signals. Strain gage 3 is mounted on the specimen to measure the strain directly during its deformation process.
Three methods were used to measure the compressive strain during dynamic loading from the gauges on the bars, strain gage on the specimens and DIC method. In literature, due to the extremely low failure strain of brittle materials which is normally less than 1%, the system errors caused by the unavoidable gap between the loading bars and the specimen, the strain calculated by SHPB method is not accurate. On the other hand, the strain gage fixed on the specimen using the glue that can infiltrate into the porous specimen. In addition, as shown in Figure 1b , the specimen has a sags and crests surface in detail. The strain gage cannot adhere to the surface perfectly. Therefore, the strain measured by the strain gage can also introduce system errors due to the infiltration of glue and adhesive problem. To obtain an accurate compressive strain of the specimen, DIC method was utilized to calculate the surface strain using the high-speed photographs. The speckles pattern is shown in Figure 3b . 
Results and Discussion

Experimental Data
Representative original data obtained by SHPB are shown in Figure 4a . Incident wave, reflected wave and transmitted wave are obtained by the strain gage mounted on the bars. Reflected wave has a plateau region during the deformation, which means constant strain rate is achieved during the loading process which is important to accurately report the compressive strength of the specimens.
The strain-time curves of the same specimen measured by the three methods are shown in Figure  4b . The strain measured by strain gage directly agrees with DIC result very well, while the strain calculated by SHPB method is much larger. This means that strain gage mounted on the specimen has enough accuracy, while strain calculated by SHPB method is not suitable for brittle materials like the porous SiC ceramics. Figure 5 shows the failure process along with the stress-time curve. Besides the curve, two original images are presented to represent the crack's shape. To make the cracks obvious, the different value images calculated by minus number 1 picture with 2-7 pictures marked on the curve are shown below the curve. The crack initiated from the center of the specimen circled in the no. 4 picture, then propagated to the entire specimen. The velocity of the crack propagation is about 1000 m/s. Zig-zag crack was found in No. 6-7 pictures on the surface of the specimen. However, Hu et al. [9] reported that the specimen would fail firstly from the corner and then expanded to the whole specimen in AlN. It is different from what is observed in Figure 5 . But the zig-zag shaped cracks observed during the crack propagation process which is consistent with the results of Hu et al. [9] . To validate the phenomenon observed in Figure 5 , specimens with speckles were also tested using high-speed camera. Figure 6 shows a representative result. The strain field confirmed that the crack initiated in the center of the specimen instead of corners. Before the peak stress was reached, the specimen's strain field showed a uniform compressive deformation. And after the peak stress is reached, the specimen collapsed into pieces in a very short time. Zig-zag crack and crack propagation velocity was also confirmed from pictures 3-6. And another crack showed on the surface of the specimen, together with the former crack to form a band which finally caused the collapse of the specimen as shown in picture No. 5-6. 
Fracture Process
Strain Rate Effect
Stress-strain curves are shown in Figure 7 and tabulated data is presented in Table 1 . The stress was calculated directly through the usual SHPB technique (Equation (1) in Section 2). Under dynamic loading, the strength (247 MPa in average) was almost two times higher compared to quasi-static loading (120 MPa in average). But they share nearly the same failure strain. Energy absorption is much larger under dynamic loading. Stress and energy absorption vs. strain rate curves are shown in Figure 7b . Figure 7 . (a) Stress-strain curves under dynamic loading and quasi-static loading; (b) Stress and energy absorption vs. strain rate. Note: (i) Strains were measured by strain gage mounted on the specimens and stresses were calculated by strain gage mounted on transmission bar using Equation (1) in Section 2; (ii) Positive strain rate effect is confirmed.
Conclusions
Quasi-static and dynamic tests of a porous SiC ceramic were performed. High-resolution images were captured during tests to observe the specimens' dynamic failure process. DIC method was applied to calculate the strain field during the specimen's deformation process. The following conclusions can be obtained from this research work:
1. Three methods were used to measure the strain of the specimen during deformation and the results show that DIC method is the best while strain gage mounted on the specimen is also reliable. However, strain calculated by SHPB method is not suitable for brittle materials like porous SiC ceramic. 2. The high-speed images showed that crack initiates in the center of the specimen and then propagates to the entire specimen under dynamic loading. The velocity of the crack propagation is about 1000 m/s. The zig-zag crack was found on the surface of the specimen. Main cracks occurred after the peak stress was achieved. DIC results verified the failure process. 3. Dynamic strength of the material is much higher than the quasi-static strength which shows obviously positive strain rate effect of the porous SiC ceramic. Energy absorption during the deformation process is much larger under dynamic loading.
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